A three-year longitudinal study was caried out with a group of children, initially aged 11-15, residing in non-fluoridated rural communities in south-central Michigan. This report analyzes the relation between caries increment and consumption of sugars from all sources to see if accepted relationships have changed with the caries decline in the United States. There were 499 children who provided three or more 24-hour dietaty recall interviews, and who received dental examinations at baseline and after three years.
well-defined. Frequency of eating is usually considered of greater etiological importance than total sugars consumed (Bowen and Birkhed, 1986) , evidence for this view coming from studies with animals (Larson et al., 1962; Kdnig et al., 1968; Bowen et al., 1983; Firestone et al., 1984) and with humans (Zita and McDonald, 1959; Weiss and Trithart, 1960; Duany et al., 1972; Hankin et al., 1973; Kohler and Holst, 1973; Clancy et al., 1977; Hargreaves, 1980; U.S. Public Health Service, 1982; Lachappelle-Harvey and Sevigny, 1985) . On the other hand, there are also human studies which have failed to show a correlation between caries prevalence and reported frequency of eating (Littleton et al., 1970; Bagramian and Russell, 1973; Bagramian et at., 1974; Richardson et al., 1978) . In his comprehensive review, Sreebny (1982a) noted a lack of rigor in some studies of this issue, and concluded that a consistent correlation between frequency of sugars consumption and caries experience in humans had not been demonstrated.
Beliefs on the importance of intake frequency persist, however, most probably because of the profound impact of the Vipeholm study, conducted in a mental institution in Sweden between 1945 and 1952 (Gustafsson et al.,1954) . The residents of the institution were placed into nine convenience groups with different amounts, frequencies, and physical forms of sugar intake each day. Subjects in the group which received only 30 g of sucrose per day, all at meals, averaged 0.27 new carious surfaces per year. These subjects, however, were only slightly better off than those who ingested 330 g of sucrose per day, with 300 g of that in solution, and who averaged 0.43 new carious surfaces per year. All of these sugars were taken at mealtimes. At the other extreme, subjects in the group which received 24 sticky toffeesper day, each of whom ingested 300 g of sugarper day but 40% of which was taken between meals in sticky form, averaged 4.02 new lesions per year. Design flaws suggest that figures from the Vipeholm study should not be taken too literally, but the contrasts in caries increment among the groups are difficult to challenge solely on the basis of study design.
Dental caries has been declining among children in the United States (U.S. Public Health Service, 1981) , and so has sucrose as a proportion of total sugars consumption, even though total consumption of sugars has remained steady (Burt, 1985) . With caries declining, especially in approximal and smooth surfaces, the impact of present-day consumption of sugars on what is increasingly becoming a pit-and-fissure disease in children has not been determined. To clarify this and related issues, we carried out a three-year longitudinal study with a group of Midwestern teenagers, from 1982 to 1985. This paper assesses the relation between caries increment and (a) average daily consumption of sugars from all sources; (b) average number of daily eating occasions; (c) average number of between-meal snacks of high-sugar foods; and (d) average daily consumption of sugars between meals.
Materials and methods.
The study was conducted in the non-fluoridated (0.2 ppm) communities of Coldwater, Quincy, and Union City, Michi-gan. Of the families of all schoolchildren initially aged 10-15 who were invited to participate, 747 children (55% of those approached) whose parents or guardians signed informed consent forms were present at the first dental examinations. Caries increment over the three years was determined from the dental examinations in November, 1982 and November, 1985 . All dental examinations were conducted by the same two experienced examiners from the National Institute of Dental Research (NIDR), using NIDR's criteria for caries (American Dental Association, 1968) . Teeth were dried before examination, transillumination used, and caries diagnosed only when a break in surface enamel was evident. Examiners saw the same children at both examinations, and radiographs were not exposed for ethical reasons. Because these examiners had standardized their diagnoses and had worked together on many studies, their data were pooled, and inter-examiner replicate examinations were not conducted.
Dietary information was collected from a series of 24-hour recall interviews followed by a food frequency questionnaire; most participants were interviewed four times during the study.
(The variable number of interviews was arranged to allow for analysis of inter-subject versus intra-subject variability of food intake.) The computer-based Michigan State University (MSU) Nutrient Data Bank (Morgan and Zabik, 1981) (Frank et aL, 1977 Table 2 . Almost 30% of the group had zero caries increment; 81% of new lesions were pit-and-fissure lesions (buccal pits and lingual extensions as well as occlusal lesions). No buccal and lingual smooth-surface lesions were found. The group as a whole averaged less than one new DMF surface per year. Girls averaged 3.1 (± 3.7) DMFS surfaces and boys 2.7 (± 3.6) over the three years.
Carries increment and: (a) Average daily consumption of sugars. -Relations between caries increment and sugars % were examined several ways. The first compared high-sugars and low-sugars consumers in terms of caries increment. Low-sugars consumers were defined as those below the 25th percentile of sugars % (for whom 23.5% or less of energy intake came from sugars) and high-sugars consumers as those above the Table 3 . The principal finding was the small and non-significant difference in the increment of pit-and-fissure lesions, but the three-fold difference in the increment of approximal caries bordered on statistical significance (p = 0.06).
The second analysis was to compare children with high and low caries increments for a selection of dietary variables (Table  4) . Definitions of high and low caries increments were taken from the frequency distribution. Those with zero increment (n = 149) constituted the low-caries group, while those who developed two or more approximal lesions during the study (n = 51) were the high-caries group. Socioeconomic differences can be seen between the groups in Table 4 , as can several significant differences in dietary patterns.
(b) Average daily number of eating occasions. -Children in the study reported an average of 4.3 eating occasions per day, meals and snacks combined, ranging from 2.0 to 6.8. Average daily eating occasions were not related to age. The 25th and 75th percentiles of average daily eating occasions-4.0 and 4.8 occasions, respectively-were compared for baseline age and a set of caries variables shown in Table 5 , from which little pattern emerges.
Because the variability in average daily eating occasions was not high, the relationship between caries and the extremes of average daily eating occasions was examined (Table 6 ). There were 14 children who averaged fewer than 3.25 eating occasions per day and 47 who averaged 5.25 or more, but the results in Table 6 still show little difference between groups.
(c) Average daily number of high-sugar snacks. -As found with total eating occasions, intake of sugary foods between meals was not age-dependent. The question was addressed by comparing those children who averaged 0.5 or fewer sugary between-meal snacks per day (n = 179) with those who averaged 1.0 or more sugary between-meals snacks per day (n = 176). Table 7 presents the same five caries variables given in Tables 5 and 6 according to low or high average daily number of sugary snacks between meals. While there is a tendency toward greater caries increment in the higher-intake group, it does not achieve statistical significance when adjusted for age and baseline DMFS. The difference between groups in the increment of approximal caries was no greater than that seen with pit-and-fissure surfaces.
(d) Average daily consumption of sugars between meals. -From the distribution of consumption of sugars between meals as a proportion of daily energy intake (between-meal sugars%), those below the 25th percentile were classified as low consumers of between-meal sugars%, those above the 75th percentile as high consumers.
For the whole group of 499 children, between-meal consumption of sugars averaged 7.5% of daily caloric intake. For those below the 25th percentile (n = 125), between-meal sugars averaged 4.8% of daily caloric intake (17.2 g); for those above the 75th percentile, it was 9.9% (66.4 g). Table 8 shows the same series of caries variables as before for the 25th and 75th percentiles of between-meal sugars% consumption. In contrast to earlier results, some significant differences emerge in Table 8 . While overall caries increment differed by a nonsignificant 0.78 DMF surfaces (p = 0.09), there were significant differences in baseline and final DMFS values, and a three-fold difference in extent of approximal caries (p = 0.05, adjusted for age and baseline DMFS). By comparison, there was only a non-significant difference of 13.4% in pit-andfissure caries (p = 0.50). However, the small absolute dimension of the large relative difference in approximal caries increment should be noted.
Snacking patterns of children with high and low caries increments are included in Table 4 . While distinctions are not clear-cut, the high-caries group is seen to eat fewer meals and more snacks, and to receive more of their energy intake from snack carbohydrates and snack sugars. They also ingest a higher proportion of energy intake from sugars, snack carbohydrates, and snack sugars, and a low proportion from meal protein.
Linear and logistic regression analyses were carried out in order to test the effects of potential confounders on the sugarscaries relationships. The self-reported variables of (a) previous residence in a fluoridated community, (b) use of fluoride tablets, (c) frequency of topical fluoride applications, (d) tooth- +p-value after adjustment for baseline age and baseline DMFS.
brushing frequency, (e) antibiotic use, (f) educational level of parents, (g) family income, (h) sex, and (i) baseline age did not disturb the relationships previously described (data not tabulated). It is emphasized that the regression analyses tested the effects of these potential confounders on the sugars-caries relationships, not their independent effects on caries increment.
Discussion.
It was noted by Rugg-Gunn et al. (1984) that since longitudinal studies of diet and caries are rare, methodological issues merit particular discussion prior to an assessment of the results.
(a) Methods. -We chose to use 24-hour dietary recalls be- +p-value after adjustment for baseline age and baseline DMFS.
cause there is no standard method for documenting dietary intake, and because 24-hour recalls seemed most practical for this study. While deficiencies in the 24-hour recall method have been described (Hegsted, 1972; Garn et al., 1976; Gersovitz et al., 1978; Greger and Entyre, 1978) , other studies show that children can provide valid estimates of the food they consumed the previous day (Emmons and Hayes, 1973; Burk and Pao, 1976; Frank et al., 1977) . Other approaches used in recent studies of diet and caries include a three-day diary followed by interview and seven-day diaries, the validity of both of which has been questioned (Stecksen-Blicks et al., 1985) and defended (Holund et al., 1985) . Consistency of data was enhanced by use of the interview protocol and food models.
While there is little guidance in the nutritional literature on the optimum number of interviews needed to capture dietary patterns accurately, choice of the multiple-interview approach for this study was influenced by the work of Beaton et al. (1979 Beaton et al. ( , 1983 , who demonstrated that a set of dietary interviews results in less variance than a single interview. Just under 70% of the 499 children in this study granted four interviews.
We found that the definition of "between-meal" consumption was complicated by the variability of eating patterns. In addition to noting time of day at which food was consumed, participants were asked what they considered each consumption to be. For analysis, definition of meals could then be made either by time of day (e.g., food consumed between 6 a.m. and 9 a.m. was breakfast) or as defined by the participant. For example, if the child slept late and had her first food intake of the day at 11 a.m., should that be called breakfast, brunch, lunch, or a snack? If the same child had risen at 7 a.m. and worked several hours before the first food intake at 10 a.m., should the decision be the same? On consideration, we decided to use the child's own definition of the food intake.
In this study, we averaged intake frequency from a series of standardized interviews. A single dietary interviewper participant is likely to result in a more variable distribution,while averaging from several interviews has the effect of reducing extremes of variability. The impact of an atypical day is weakened when added to several days of normal consumption. Multiple dietary recordings, as employed in this study and in that of , probably reflect real-life food consumption over a period of time more accurately than does a single dietary interview. (Stephan, 1940 (Stephan, , 1944 . That 20-minute definition, however, might have served to compress the number of intakes recorded. For example, if a child ate a hamburger after school, a bag of fries 15 minutes after that, and finished off with a soft drink 15 minutes later, these ingestions would all be recorded as one eating occasion. By contrast, Rugg-Gunn et al. (1984) used 15 minutes between ingestions as their definition of an eating occasion, meaning that in the example just given they would have counted three intakes rather than one. recorded a mean of 6.8 eating occasions per day, higher than our study's mean of 4.3. The difference could have resulted from the 15 versus 20 minutes definition of an eating occasion, or it could reflect different eating patterns in English children compared with those in Michigan.
The definition of 15% content of sugars by weight as the dividing line between "high-sugar" and "low-sugar" foods was chosen because that level was just above the 80th percentile of sugars content of all foods reported, which seemed appropriate. Further support for the 15% cut comes from Newbrun (1982) , who stated that foods containing 15-20% sugars must be considered "unsafe" as snack foods, and that those with 10-15% sugars are contra-indicated for eating between meals. Animal studies also support the 15% cut; Huxley (1977) found that increasing the sucrose content of foods above 15% did not increase their cariogenicity in most rat models studied.
(b) Results. -We had originally hoped to compare the relative cariogenicity of various sugars, given the high proportion of monosaccharides in the modern American diet (Burt, 1985) . This subject has been studied previously (Koulourides et al., 1976; Colman et al., 1977; Okuda and Frostell, 1981; Frostell et al., 1981) , though conclusions for human populations are not clear-cut. We could not address this issue adequately, however, because a number of foods in the data bank did not have different sugar constituents recorded, and many had only "total sugars" listed. Even if full sugars data were available, some foods changed their sugar constituents during the course of the project in response to price of ingredients or perceived marketing improvement. The leading soft drink manufacturers, for example, switched their principal sweetener from sucrose to high-fructose corn syrup in November, 1983 (U.S. Department of Agriculture, 1984) . Relative cariogenicity of different sugars is a difficult subject to study in representative human populations.
Conclusions on the specific cariogenic role of sugary foods (15% or more of sugars) could not be reached from this study. Table 4 shows that the high-caries group did not eat highsugars foods more often, nor did they have a greater energy intake from high-sugars foods. One recognized problem in studying the cariogenicity of sugary foods is "background noise", meaning the difficulty of trying to assess the impact of one particular food against a background of generally highsugars intake (Stecksen-Blicks et al., 1985; Sundin et aL, 1983; Bergendal and Hamp, 1985) . In modern child populations, a study design would have to be of extraordinary sensitivity to detect the same effects of high-sugars foods which can be demonstrated in animal studies. Table 7 shows that no differences in caries increment could be detected between those with high and low frequency of intake of sugary foods between meals, in contrast to the effects of the average amounts of sugars consumed between meals, shown in Table 8 . These two analyses compare different children, but they demonstrate that the frequency-of-consumption issue is not clear-cut. The finding that one-quarter of total energy came from all sugars whereas only 7.5% came from between-meal sugars at first appears surprising, but it stems from our quantification of all sugars, not just sucrose. Milk, fruit juice, and soft drinks provide a lot of sugars to total intake (but not to sucrose intake). When consumed with meals, they contribute to total sugars but not to snack sugars, thus reducing the proportion of sugars attributable to snacks in the total diet. Different methods of recording meals and snacks, such as used by Frank et al. (1977) , might provide different proportions.
There was a significant relationship between caries increment and total consumption of sugars between meals, which suggests some impact from snacking. But even there, betweenmeal consumption of sugars seemed to have no greater effect on caries development than did total sugars. This could be because between-meal sugars contributed a relatively small proportion of total energy intake, or it could be related to the subjective method of determining meals and snacks.
Results of this study are generally similar to those in the two-year longitudinal study of , despite probable differences in eating habits between English and American children and the previously-described methodological differences. As in our study, Rugg-Gunn et al. found generally weak relationships between caries increments and dietary variables, and relationships were stronger with total sugars intake than with frequency. The Michigan children appeared to consume more sugars, 142 g per day as against 118 g for the English children, and sugars provided 26.5% of total energy intake (sugars%) for the Michigan group as against 21% for the English children. The Michigan children were a little older: 12.2 years on average at baseline compared with 11.5.
In their review, Burt and Ismail (1986) suggested that the frequency/caries relationship might be stronger where sugars consumption is generally lower; it might also have been stronger in previous years when caries incidence was higher, especially on approximal surfaces. It is likely that in the well-fed, convenience-food-oriented population in which our study was conducted, there was simply not enough variability in the frequency of eating to discriminate between extremes, and caries incidence was relatively low and predominantly in pits and fissures. As a result, the weak relationship between frequency and caries in our study and in that of Rugg-Gunn et a!. (1984) should not be surprising.
Reflecting further on the lack of a clear caries/frequency-ofeating relationship, it is likely that a distorted view of the caries-frequency hypothesis came from Vipeholm (Gustafsson et al., 1954) . This landmark study reported extremes of consumption of a type rarely found in the mainstream of everyday life. Certainly there was no eating behavior in our study, nor apparently in that of , which even came close to one Vipeholm group's daily consumption of 24 large sticky toffees. As a result, we suggest that the conclusions of the Vipeholm study, at least with respect to the etiological importance of eating frequency, might not be relevant to the average teenager. Our results, however, demonstrate that between-meal consumption of sugars is still a risk factor for the most caries-susceptible children.
Study results are dominated by the low caries increment and high consumption of sugars. The low caries increment is typical of that found in many parts of the United States and can be attributed to a number of factors, notably fluoride exposure. The most important aspect of the high consumption of sugars is the absence of variability; only four children averaged less than 50 g of sugars per day. Such consumption levels seem to be above suggested thresholds for humans, although it is not certain how total sugars intake relates to thresholds developed from studies with sucrose. Animal studies support the threshold concept (Huxley, 1977; Hefti and Schmid, 1979) , and in humans the epidemiological evidence suggests a sucrose threshold of about 15 kg per year, or 40 g per day (Sreebny, 1982b; Sheiham, 1983) . Our definitions of low and high consumers of total sugars therefore have to be seen as strictly relative; by global standards all were high. A true test of the threshold hypotheses would have to be carried out in populations with greater variability in sugars consumption, and where distinctions could be reliably drawn between consumption of sucrose and other sugars.
As part of the caries decline, the proportion of smoothsurface lesions, both approximal and buccal-lingual, is also declining (Bohannan et al., 1984) . This trend was apparent in our study, and the dominance of pit-and-fissure lesions, some 81% of incident lesions, clearly influenced our results. Plaque adhesion is critical in smooth-surface caries (Firestone and Mifihlemann, 1985) , less so in pit-and-fissure caries (McDonald and Stookey, 1977) . Sugars, especially sucrose, may enhance the ability of Streptococcus mutans to adhere to tooth surfaces (Bowen, 1978) , so the stronger associations found between approximal caries increment and consumption of sugars are to be expected. But because there was little approximal caries during this study, the impact of this finding on total caries experience was relatively minor.
If the group studied is representative, results suggest that the etiological role of sugars in caries may have weakened under modern conditions in the United States. In child populations where caries is dominated by pit-and-fissure lesions, the importance of sugars in caries incidence may not be as pronounced as it was when approximal and smooth-surface caries was more common. Total intake of sugars and intake of sugars between meals still appear to be risk factors in children who are susceptible to approximal caries.
